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The (0,0) Swan band of the C2 molecules in a laser ablation plume produced on the surface of
graphite target submerged in water was used as a probe to estimate the density of C2 molecules in
the plume. Observed emission spectra were reproduced excellently by introducing a self-absorption
parameter to the theoretical spectral profile expected by a rotational population distribution at a
certain temperature. The optical density of the ablation plume as a function of time was determined
as a best-fit parameter by the quantitative fitting of the whole spectral profile. The results show high
optical densities for the laser ablation plume in water compared with that in air. It is related to the
plume confinement or the expansion, which are the important phenomena influencing the
characteristics of laser ablation plumes in liquids. © 2005 American Institute of Physics.
[DOI: 10.1063/1.1828214]
I. INTRODUCTION
Laser ablation of solid targets submerged in liquids is
attracting increasing attention, because of its potential appli-
cations, such as nanocluster formation directly in liquid, and
the metastable phase formation on the target surfaces.1–6 The
characterization of the laser ablation plume in liquids, espe-
cially the confinement effect, is an important subject to
clarify the formation mechanism of such materials.7–15
It has been suggested that the ablation plume in liquids is
confined to a small region due to the presence of the liquid.
As a result, the plume shows very high pressure, as well as
high density of the ablated species. Such confinement has
been suggested by the theory and measurements of the shock
wave which is generated by the pulsed laser irradiation to
water-covered target surfaces.7–9 The studies suggest the or-
der of GPa for the plume pressure in an initial stage of the
ablation.7 On the other hand, optical emission spectra10 and
emission imaging11 can also be used for the study of the
plume properties. Because of a high density in this region,
however, the emission spectra suffer from strong self-
absorption. We have analyzed quantitatively the self-
absorption effect upon the line emission of Al atoms in the
plume produced by the laser ablation of Al metal in water.12
It is also known that the ablation plume, even in a gas atmo-
sphere, shows clear self-absorption in the spectral profile of a
line emission.16 The density of the Al atoms in a laser abla-
tion plume can be obtained by analyzing the line profile of
the emission spectra.16,17
The temperature of the ablation plume produced in water
by irradiating a graphite target submerged in water has been
determined as a function of time by the analysis of the C2
Swan band.13,14 The Swan band shows clearly resolved rota-
tional lines, suggesting that the C2 molecules are rotating,
and also that the plume is in a gaseous phase with a very
high density of the ablated species.14 However, the best-fit
spectra had an inevitable deviation from the experimental
spectra, probably because the self-absorption effect had not
been taken into account.14
In the present work, we report that the spectral profile of
the C2 Swan band emission can be reproduced with further
accuracy by taking the self-absorption effects into account
and adjusting the optical density parameter. The best-fit op-
tical density parameter was obtained by fitting the whole
profile of the (0,0) band of the Swan system. The optical
density at the band head was obtained as a function of time.
The results give insight into the density of the C2 molecules
in the plume, and hence, into the confinement effects of the
plume in liquids.
II. CALCULATION
The observed spectra analyzed in the present work were
taken from our previous work,14 where the emission spectra
of the (0, 0) band of the C2 Swan system were measured at
various delay times from the ablation laser. The Nd:YAG
laser pulse with the wavelength of 1064 nm, the pulse width
of 20 ns, and the fluence of 30 mJ was focused down onto
the target surface by a 100 mm focal length lens. The con-
secutive five irradiation events for each delay time were av-
eraged and compared with theoretical spectra. The spectral
resolution of the data was 0.03 nm.
Calculation of the theoretical spectra is based on the
Hönl–London factors given in the literature18 and the Boltz-
mann factor. The details of the calculation for the low-
optical-density limit, where self-absorption effects are not
taken into account, are given in the previous work.14 Rota-
tional temperature and rotational line width were obtained as
best-fit parameters by comparing theoretical spectra with the
experimental ones.
Self-absorption effects were introduced in the calcula-
tion on the basis of one-dimensional radiative transfer with
assuming a homogeneous media for the emission and ab-
sorption. The intensity of the emission from a homogeneous
media is given as follows:16
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f1 − exps− kLdg , s1d
where « and k are the emission and absorption coefficients,
respectively, and L is the geometrical thickness of the emis-
sion region. For the limit of low density where the absorption
is negligible, and hence, kL tends to be zero, Ik=0=«L.




f1 − exps− kLdg . s2d




f1 − exps− aIk=0dg . s3d
Note that the parameter a depends only on the population
densities of the upper and lower levels involved in the tran-
sition, and does not depend on the wavelength, although k
and « are strong functions of the wavelength. Also, note that
Ik=0 is a theoretical spectrum calculated without considering
self-absorption effects. Therefore, Eq. (3) means that the
spectra with self-absorption effects taken into account can be
obtained by considering one more parameter a.
In the actual fitting process we first obtained Ik=0 by
fitting the band tail region, where the optical thickness is
expected to be small.14 Then, the whole spectral profile was
fitted to Eq. (3) without further adjustment of Ik=0 . This
process gives a best-fit a parameter. The optical density at
the band head was calculated by kBHL=a«BHL=aIk=0
BH
,
where superscript “BH” means “band head.”
III. RESULTS
In Fig. 1, observed spectra in a later time of the emission
and their best-fit spectra, including self-absorption effects,
are shown. Figure 1(a) shows the spectrum obtained in air at
a delay time of 1200 ns, while Fig. 1(b) gives the spectrum
obtained by the irradiation of the target immersed in water at
a delay time of 1000 ns. The best-fit spectra given by the
broken line reproduced almost exactly the experimental
spectra for both cases. The observed emission spectra from
the water-confined plume at early delay times as well as their
best-fit spectra are given in Fig. 2. The band-head intensity is
comparable to the band-tail intensity at very early delay
times, e.g., the delay time of 50 ns. Such spectra can also be
reproduced quite well by theoretical spectra.
In Fig. 3, the optical density at the band head kBHL is
plotted as a function of time. Both in water and in air, the
optical density decreases with time. The optical densities of
the plumes in water tend to give larger values, especially in
the early time range. The optical densities of the plumes in
air were much smaller than those obtained in water, but still
give values around the unity, while it should approach zero at
the limit of the low density of C2 molecules.
IV. DISCUSSION
As can be seen in Figs. 1(b) and 2, the fit of the theoret-
ical spectra to the observed one is excellent. This should be
compared with the results obtained without considering the
self-absorption effects, shown in the inset of Fig. 1(b); the
band head intensity is far from a “good fit,” although the fit
in the band-tail region is very good. The excellent fit in Figs.
1(b) and 2 supports the interpretation that the self-absorption
strongly affects the band profile.
The plot of the optical density in Fig. 3 shows some
scattering of the data points in the case of the plume in water.
This is because the exponential factor in Eq. (3), i.e.,
f1−exps−aIk=0dg , becomes rather insensitive to the param-
eter a, when aIk=0 becomes large, and therefore, a small
deviation in the spectral profile results in a big change in the
fitting parameter a. In Fig. 2, we actually see that at the early
delay times, the intensity of the band head is comparable to
that of the band tail. This effect is prominent for the plume in
water at the delay time of 50 ns (open square in Fig. 3). In
spite of the scattering of the data, it seems obvious that the
optical density of the plume in water is much higher than that
in air. Furthermore, we think that the slight decrease in the
optical density observed both for the plumes in water and in
air in this time range is meaningful.
The optical density obtained as a function of delay time
gives some insight into the time evolution of the ablation
plume produced in liquids. The large optical density of the
plume in water supports a strong confinement of the ablation
plume in liquids. It has been reported that the confinement is
so strong as to give a pressure over 1 GPa in this region.7,11
The imaging of the optical emission from the plume shows
that the size of the plume is ca. 0.1 mm in its diameter of the
FIG. 1. Examples of the best-fit spectra for the (0,0) band of the C2 Swan
system; (a) in air at a delay time of 1200 ns, (b) in water at 1000 ns. The
experimental spectra are given by a solid line. Also, the result of the fitting
without considering the self-absorption effect is given by the dotted line in
the inset of (b).
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half-maxima contour.11 This is in contrast to the ablation
plume in air, where the plume size ranges in the order of
mm.
Since the absorption coefficient k is proportional to the
difference between the population densities of the two levels
involved in the transition, it decreases by L−3 when the
plume expands in three dimensions. This means that the op-
tical density, kL , decreases roughly by L−2 upon expansion
of the plume. By assuming the total amount of C2 in the
plume to be constant, the optical density should be low for
the plume having expanded. The difference between the ab-
lation in air and in water is a direct consequence of the ex-
pansion behavior of the plume, i.e., the plume having under-
gone a relatively free expansion in air gives lower optical
densities while the confined plume in water gives high opti-
cal densities. The results in Fig. 3 clearly reflect the fact that
the plume expansion in water is confined strongly to give
high optical density.
Also, the slight decrease of the optical density observed
for both in water and in air at longer delay times can be
interpreted by the plume expansion. However, the decrease
in the optical density is rather slow. Our recent observation
of the shadow graph of the plume, which measures the size
of the plume after the extinction of the optical emission,
suggests such an expansion rate that the plume diameter in-
creases to 1 mm by ca. 20 µs after the irradiation of the
ablation laser. This corresponds to a 0.05 mm increase in the
plume diameter within the time range of the present work.
Since the diameter of the emission region has been measured
to be ca. 0.1 mm immediately after the ablation laser (ca. 30
ns of the delay time),11 the expansion is not necessarily neg-
ligible. Although the emission imaging of the plume shows
that the size of the emission region is almost constant,11 we
think that a slight expansion of the plume causes a small
change in the density of C2 molecules, and hence, to the
optical density of the plume. However, another interpreta-
tion, as based on the decrease in the density of the C2 mol-
ecules due to some reactions of C2, seems to be possible.
Further study is required for the clarification of the chemical
and physical behavior of the ablation species in the plume
produced in liquids.
As shown above the present analysis is quantitative in
the time range, where the optical density is not too high, and
also where clear emission is observed. The former condition
prevents us from obtaining quantitative information in the
very early stage of the laser ablation plume in water. The
theory of the shock wave predicts that the pressure maximum
almost coincides with the peak of the irradiation laser inten-
sity profile,19 i.e., several nanoseconds to 10 for the nanosec-
ond laser pulse irradiation. This means that the initial strong
expansion of the plume against water stops at this time
range. This suggests that it is hard to study the plume dy-
namics in very initial stage by the present method or by any
detecting system using an intensified charge coupled device
(ICCD) detecting systems. We think that the pump–probe-
type experiment using the ablation and probe pulse width of
1 ns or shorter would be helpful for the clarification of the
plume behavior in this time range.
V. CONCLUSION
The emission spectra of the (0,0) band in the Swan sys-
tem of the C2 molecules in the laser ablation plume of the
graphite target in water were studied. The spectra have been
excellently reproduced by introducing the self-absorption ef-
fect in the model calculation in addition to the low-density-
limit calculations. Optical density of the plume, obtained as a
best-fit parameter, shows that it is higher for the plumes pro-
FIG. 2. Example of the observed and best-fit spectra at relatively early delay
times. The delay time of each spectrum is (a) 50 ns, (b) 200 ns, and (c) 500
ns.
FIG. 3. Optical densities of the plume at the wavelength of the band head as
a function of the delay time. They were obtained by fitting to the theoretical
spectra with self-absorption effects being taken into account.
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duced in water than in air, and shows a slight decrease with
increasing delay time. These results are interpreted in terms
of the expansion of the plume.
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